Introduction
During late maturation, erythroblasts undergo a complex sequence of differentiation events: in parallel with the accumulation of the specific gene products required for red blood cell (RBC) function, such as globin chains, these cells exit the cell cycle, their nucleus condenses and finally the cell is enucleated to give rise to a reticulocyte and, after the elimination of the residual organelles, to a fully mature RBC. [2] [3] [4] Actin filament remodeling is critical for at least two crucial steps of erythrocyte maturation: enucleation and the proper assembly and maintenance of the red cell membrane. A so-called contractile actin ring is assembled immediately prior to enucleation, marking the boundary between the extruding nucleus and the incipient reticulocyte. 2, 5 The formation of this cytoskeletal structure is mediated by mDIA2, a formin required for nucleation of unbranched actin filaments. 6 Moreover, actin filaments, together with several actin binding proteins (4.1, 4.9, adducins, tropomyosin, tropomodulin) constitute the core of the membrane skeletal junctions, to which the polygonal network of spectrin tetramers is anchored. [7] [8] [9] Defects of components of the junctional complexes lead to cell fragility and are implicated in several forms of hemolytic anemia. [10] [11] [12] Many of the actin-binding proteins participating in the junctional meshwork play a role in controlling the length of the polarized actin filaments, acting on polymerization, depolymerization and capping at the fast growing (barbed) and slow growing (pointed) ends. Their null mutations are associated with red cells that are mechanically weakened due to impaired cytoskeletal structure (for example, adducin [13] [14] [15] and E-Tmod). 16 Among various actin-remodeling proteins, gelsolin is a calcium-activated actin filament severing and capping protein found in many cell types, broadly expressed by cells of mesenchymal origin both in a cytoplasmic and in a plasma secreted form. 1, [17] [18] [19] [20] [21] Although gelsolin was suggested to be involved in the establishment of the actin-spectrin based membrane network during erythroid maturation, 22 no evidence of its in vivo role in erythropoiesis has been provided so far. Gsn -/-mice generated in the C57BL/6 outbred genetic background were found to have impairments of specific aspects of cell motility, such as inflammation, although they are viable, fertile and with apparently normal hematopoiesis. 1 Here we show that transferring the null Gelsolin allele into the BALB/c inbred genetic background results in defective erythroid maturation. These data suggest a non-redundant role for gelsolin in terminal erythroid differentiation, possibly contributing to the Gsn -/-mice lethality observed in mid-gestation.
Design and Methods

Generation of gelsolin null mice on a BALB/c congenic strain
Mice with a C57BL/6 outbred background 1 homozygous for the mutation were crossed with mice of BALB/c inbred background. F1 heterozygous animals were crossed with mice of BALB/c inbred background to produce F2 progeny, among which only mice heterozygous for the mutation were used for the next generation. The same cycle was repeated until F10 mice were obtained. Heterozygous F10 mice were crossed to produce mice homozygous for the mutation, with a genetic background very close to the BALB/c inbred background. For timed pregnancies, BALB/c gelsolin heterozygous mice were mated overnight and noon of the day of vaginal plug appearance was considered day 0.5 post-coitum (E 0.5). Embryo dissections and genotyping were performed as previously described. 1 All experiments and treatments in mice were approved by the Italian Ministry of Health and conducted using procedures designed to minimize animal stress and pain, in accordance with European Union guidelines.
Histology, antibodies and dyes
Embryos collected from timed pregnancies were analyzed. Details on histological staining, antibodies and dyes are provided in the Online Supplementary Design and Methods.
Immunocytochemistry and immunofluorescence analysis
Details on immunocytochemistry and immunofluorescence analysis are provided in the Online Supplementary Design and Methods.
Fetal liver cell purification and sorting
Freshly extracted mouse E13.5 fetal livers cells were disaggregated to single cells by gentle pipetting in phosphatebuffered saline containing 2mM EDTA and 0.5% bovine serum albumin. Cells were washed and incubated with the following labeled antibodies: allophycocyanin anti-mouse CD117 (c-Kit) and fluorescein isothiocyanate anti-mouse Ter119. Cells were sorted using a MoFlo (DAKOCytomation, Carpinteria, CA, USA) cell sorter. The purity of the cell populations obtained was greater than 95%.
Total embryonic blood cells were collected and counted as described by Kingsley et al. 23 Each slide was prepared from 10 5 cells by cytospin centrifugation (400 rpm, 3 min) and slides were either air-dried or fixed for 5 min in ice-cold methanol.
Quantitative reverse transcriptase polymerase chain reaction analysis
Total RNA was purified from each cell population (10 5 cells) with TRI Reagent (Applied Biosystem, Carlsbad, CA, USA; AM9738) and retrotranscribed according to the manufacturer's protocol. The primers used are listed in the Online Supplementary Design and Methods.
Hanging drop culture E13.5 fetal livers were collected, disaggregated and resuspended in hanging drop medium as described by Gutiérrez et al. 24 and detailed in the Online Supplementary Design and Methods. When indicated, Cytochalasin D (Sigma-Aldrich, C-8273) and Jasplakinolide (Sigma-Aldrich, C-5231) were dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, D-2650) and added to the hanging drop medium at the final concentration of 50 nM. Quadruplicates -four drops -were analyzed for each condition.
Phenylhydrazine treatment
Age-matched mice were weighed and injected intraperitoneally for two consecutive days with 15 mg/Kg body weight of phenylhydrazine (PHZ, Sigma-Aldrich, P-6926). Two days after the second PHZ administration, animals Defective erythropoiesis in gelsolin mutant mice haematologica | 2012; 97 (7) 981 © F e r r a t a S t o r t i F o u n d a t i o n were sacrificed and hematologic parameters and spleen morphology were analyzed.
Flow cytometry
Cells from blood or fetal liver or spleen were collected in Dulbecco's modified Eagle's medium, centrifuged and suspended in phosphate-buffered saline with 0.5% bovine serum albumin and stained with fluorescein isothiocyanate-conjugated anti-CD71 and with phycoerythrinconjugated anti-Ter119. Samples were acquired using a FACS-Calibur (BD Bioscience) flow cytometer. Data were analyzed with Flow Jo software (Tree Star, Ashland, OR, USA).
Hematologic and biochemical analyses
Mice were bled into EDTA-containing tubes and the hematologic analysis was performed using a hemocytometer (Sysmex KX-21N Hematology Analyzer). Reticulocytes were scored by counting them on blood smears stained with new methylene blue (Sigma-Aldrich, R-4132), according to manufacturer's protocol.
Osmotic fragility test
The osmotic fragility test was performed on fresh blood drawn from the tail veins of age-matched mice (6 months old), Gsn -/-mice (n=3) and wt mice (n=3). Blood was diluted in a series of hypotonic solutions with NaCl content starting from 160 mM and incubated for 30 min at 37°C. The concentration of proteins released into the supernatant was measured using a Bradford protein assay (BioRad, Hercules, CA, USA; cat. 500-0006). The osmotic fragility curve is obtained by plotting the measured absorbance at 595 nm for each solution against NaCl concentrations. Duplicates for each NaCl concentration point were read.
Results
Gelsolin expression increases during erythroid differentiation
To study the possible role of gelsolin in fetal erythropoiesis, we first analyzed its expression at different stages C. Cantù et al.
982
haematologica | 2012; 97(7) 
Ter119
+ cells, which are more differentiated erythroblasts and mature erythrocytes ( Figure 1A and 25, 26 ). Gelsolin expression was subsequently measured in these three sorted cell populations by quantitative reverse transcription polymerase chain reaction (RT-PCR) analysis, in parallel with that of glycophorin A (GpA) and CD44. While GpA increases during erythroid differentiation, the expression of the cell adhesion glycoprotein CD44 progressively decreases along with erythropoiesis, 27 thus allowing a further staging of the degree of cellular differentiation. As shown in Figure 1B , gelsolin expression is slightly decreased in the erythroid committed progenitors (cKit To visualize the protein distribution of cytoplasmic gelsolin within the same cell populations, we performed double immunocytochemical staining using an anti-gelsolin antibody (green) and anti-Ter119 antibody (red) ( Figure 1C , D). Virtually all the most differentiated cells (recognizable by their small size and condensed nucleus, Figure 1C ) were strongly positive for gelsolin staining, whereas more immature cells expressed lower gelsolin levels.
The differential expression of gelsolin during erythroid differentiation was confirmed by performing the same analysis on the three FACS-sorted populations described above ( Figure 1D ): the majority of c-Kit 
Embryonic loss of gelsolin null mutant mice in a BALB/c background
The expression profile of gelsolin at the different stages of erythroid differentiation described above suggested a possible specific functional role of gelsolin in erythropoiesis.
Although Gsn knock-out mice generated on a C57BL/6 background are viable and fertile, 1 when the Gsn -/-mutation was transferred into a BALB/c background almost no viable Gsn -/-offspring were born from heterozygous intercrosses. Timed matings revealed a normal proportion of homozygous mutant embryos until E12.5 (about 25%). Thereafter the recovery of viable null mutant embryos steadily decreased below the expected ratio with a significant reduction of null mutant embryos observed on day 13.5 (when Gsn -/-mice were about 8.8%, Online Supplementary  Table S1 ). Finally, only 4% of homozygous mutant mice were found post-partum and reached adulthood.
Gelsolin null BALB/c mice show defects in embryonic red blood cells
The expression pattern of gelsolin during erythropoiesis, together with the timing of the first loss of mutant embryos during gestation (E12.5-E13.5 marks the transition between primitive and definitive erythropoiesis in liver), prompted us to analyze erythropoiesis in Gsn -/-mice in more detail. We first carried out hematoxylin/eosin staining of blood from wt and Gsn -/-embryos. At E13.5 no gross differences were visible (compare Figure 2A with 2B) ; however, at E.14.5 ( Figure 2C -D) nucleated primitive erythroid cells (identified on the basis of their morphology, black arrows) persisted in mutant embryos, but not in normal ones. At the same developmental stage, in blood from Gsn -/-embryos we found small nucleated circulating cells, which we interpreted as immature definitive erythrocytes (blue arrow, Figure 2D ). At E17.5 ( Figure 2E-F 
) mutant (but not
Defective erythropoiesis in gelsolin mutant mice haematologica | 2012; 97 (7) 983 Figure 3G, H) , which binds to F-actin. As shown in Figure 3H (white arrows), Gsn -/-blood contains circulating cells still undergoing enucleation, as indicated by the presence of the contractile actin ring, which forms immediately prior to expulsion of the nucleus, further supporting the observation of delayed erythroid maturation in Gsn -/-blood samples ( Figure 3H ) as compared to that in wt blood samples ( Figure 3G ).
At E17.5 primitive cells normally account for about 1% of circulating erythrocytes and their progressive transition to enucleated cells should be essentially completed. 23 To evaluate the number of primitive cells in Gsn -/-mice blood, cytospins were also stained with an anti βH1-globin antibody ( Figure 3I) . We scored about 4% (against less than 1% in wt control samples) of large βH1-globin + cells ( Figure 3I , red arrows), and some weakly βH1-globin + nucleated cells ( Figure 3I , blue arrow), whereas many nucleated cells were not apparently expressing βH1-globin ( Figure 3I , black arrows) and likely represented definitive erythroblasts.
Erythroid differentiation is impaired in gelsolin null embryos
On the basis of the above results, we analyzed the defective erythroid maturation observed in Gsn -/-embryos, focusing on E13.5, in more detail (Figure 4 ). At this time point Gsn -/-mice were moderately anemic, the total RBC count per embryo being reduced to approximately 75% of C. Cantù et al. 984 haematologica | 2012; 97(7) Figure S1 ). To monitor erythroid maturation, we stained blood cells from wt and mutant mice with anti-CD71 and anti-Ter119 antibodies ( Figure 4A ). The anti-CD71 antibody recognizes the transferrin receptor, which is highly expressed on proerythroblasts and early erythroblasts and less present in late erythroblasts and reticulocytes. Figure S1 ). Gsn -/-embryos fall in two broad categories, exemplified in Figure  3B by mut1 and mut2, which shows two representative embryos from the same litter: (i) in some embryos (as in mut1), the FACS profile is grossly similar to that of the wt littermates but with an increase in CD71 Ter119 ++ from about 27% in the wt mice to about 16% in the mut2 animals) is observed, suggesting an impairment in the final stages of erythroid maturation. Hemotoxylin and eosin staining of the same sample ( Figure  4B ) showed a clear prevalence of primitive erythroid cells (identified on the basis of their morphology) with the frequent presence of binucleated cells (about 4%). As discussed below, we think that this could reflect an underlying variable penetrance/expressivity of the gelsolin defect. Of note, in both cases, the cell population representing the transitional stages between R2 and R3 was missing, suggesting impairment of late stages of differentiation.
Adult gelsolin null mice are unable to recover from phenylhydrazine-induced anemia
Very few Gsn -/-mice were born (20% of the expected Mendelian ratio, 5% instead of 25% of total mice; Online Supplementary Table S1 ), but grew to adulthood in apparently healthy conditions. These mice, however, showed decreased exercise endurance in the treadmill test and, strikingly, the running times of the Gsn -/-mice were decreased by 60% (total count of activity per night: 2459±435 runs/night Gsn -/-mice versus 8760±917 runs/night wt mice, P<0.006, n= 3). No significant differences in muscle mass were observed (unpublished data). These results suggest an impairment in the physical performance of the Gsn -/-mice. Although the hematologic parameters of the Gsn -/-mutants were grossly normal (data not shown), morphological analysis of blood showed the presence of RBC with irregular shape, frequently with reduced central pallor and more than two concavities, thus resembling knizocytes ( Figure 5A ), which have been described in hemolytic aneDefective erythropoiesis in gelsolin mutant mice haematologica | 2012; 97 (7) 985 Figure 5 . Methylene blue staining of blood smears revealed a higher number of reticulocytes in mutant mice than in wt mice (12.5% versus 4.4%, respectively) (data not shown).
To characterize the functional properties of RBC in Gsn -/-mice we performed an osmotic fragility test, comparing the resistance of mutant and wt cells when incubated with decreasing concentrations of NaCl, ranging from 160 mM NaCl to H2O. The amount of released proteins at the different NaCl concentrations was slightly higher in mutant RBC, suggesting a mild but significant intrinsic fragility of these cells under both normal and hypotonic conditions ( Figure 5B ). To better define the mechanism of erythroid compensation in the few adult Gsn -/-escaping embryonic death, we treated the same mutant animals analyzed above with phenylhydrazine (PHZ) to induce acute anemia. PHZ (15 mg/Kg body weight) was injected intraperitoneally for two consecutive days; on the second day after the second PHZ administration, Gsn -/-mice were sacrificed and hematologic parameters and spleen morphology were analyzed.
Gsn -/-mice presented accentuated pallor after PHZ treatment, when compared to wt controls (not shown) and hematologic analysis revealed a reduced number of RBC and low hematocrit (RBC x10 , P=0.27 for n=3). It is thus possible that compensatory mechanisms operate during maturation. Taken together, these data indicate that Gsn -/-mice are able to respond to stress erythropoiesis, but nevertheless fail to fully recover from induced anemia.
Ex vivo gelsolin null erythroblasts fail to differentiate properly in hanging drop cultures
To get insight into the defect of erythroid terminal differentiation in Gsn -/-cells, we set up hanging drop cultures starting from E13.5 ex vivo fetal livers. This protocol enables a quantitative differentiation of primary definitive erythroid cells to mature enucleated erythrocytes within 2 days of culture. 24 No significant difference was observed when fetal liver cells isolated from wt and Gsn -/-mice were disaggregated, stained with O-dianosidine to mark hemoglobinized cells and counterstained with hematoxylin/eosin ( Figure 6A,B) : in both samples the distribution of cells at the different stages of differentiation (from pro-erythroblast, dividing pro-erythroblasts, basophilic, polychromatic and orthochromatic cells to reticulocytes) was very similar. Twenty-four hours after cell seeding, a significant proportion of hemoglobinized cells (brown staining) undergoing enucleation (black arrows) or already enucleated (green C. Cantù et al. 986 haematologica | 2012; 97(7) © F e r r a t a S t o r t i F o u n d a t i o n arrows) was present in wt cultures ( Figure 6C ). In contrast, cells from Gsn -/-fetal livers showed a substantial delay in erythroid differentiation, with a marked prevalence of immature cells ( Figure 6D) . At 48 h, massive enucleation took place in wt cultures ( Figure 6E,G) , whereas the majority of Gsn -/-cells became hemoglobinized but failed to undergo proper enucleation ( Figure 6F,H) . These data are summarized in Figure 6I . Moreover, many Gsn -/-cells presented two or more distinct nuclei (reminiscent of binucleated cells observed in the circulation in Figure 4B ), suggesting that the lack of gelsolin function and thus the inability to sever actin filaments, results in an impairment of the process of cytodieresis and nuclear extrusion required for terminal erythroid maturation.
On this basis, we reasoned that the perturbation of actin metabolism produced by the addition of Cytochalasin D, which blocks polymerization and elongation of actin filaments, and of Jasplakinolide, which stabilizes actin filaments, might mimic the absence of gelsolin in wt-derived cultures (and eventually exacerbate the enucleation failure in mice lacking gelsolin). Addition of the drugs shows that our prediction was respected ( Figure 6L-N) : the addition of Jasplakinolide ( Figure 6M ) or Cytochalasin D ( Figure 6N ) to the wt cells decreased the proportion of enucleated cells and induced the accumulation of polynucleated cells in a proportion similar to that observed in mutant cultures.
Discussion
Gelsolin is a Ca ++ -dependent protein that regulates actin filament length by severing preassembled filaments. After severing, gelsolin remains attached to the fast-growing end of the filament and caps it, thus preventing its growth by addition of new actin monomers. Gsn -/-mice generated in a C57BL/6 mixed genetic background are viable but show impaired cellular functions requiring motile responses (recruitment of leukocytes in inflammation) and shape changes (platelet activation), as expected on the basis of gelsolin's role in cytoskeleton remodeling. 1 Since the genetic background is known to cause considerable variation in the phenotype of genetically engineered mice, possibly due to the presence of multiple functional interactions of different alleles at modifier loci, 28 the Gsn -/-mutation was transferred into the inbred BALB/c background. On this genetic background the majority of null mice died in utero, with only very few mice (Figure 2 ) surviving to adulthood in apparently good health (although they performed poorly under physical exercise conditions, see treadmill test). The cause of embryonic death is likely rather complex, resulting from the impairment of various cell functions and developmental processes requiring proficient actin remodeling; the defect in erythropoiesis described here is probably one component of the observed embryonic failure.
Although a previous paper reported gelsolin expression in chicken erythroid progenitors, 22 no further evidence on the role of gelsolin in erythropoiesis was available. In this paper we report that the BALB/c genetic background uncovers a non-redundant gelsolin requirement for proper terminal erythroid maturation.
Gelsolin is normally already expressed at low levels in cKit
-progenitors isolated from E13.5 fetal livers and accumulates along with erythroid differentiation, in parallel with the emergence of Ter119 positivity (Figure 1 ).
The persistence of primitive nucleated erythroid cells in Gsn -/-mice, until E17.5 ( Figure 2 ), suggests either a delay in maturation (and thus enucleation) possibly due to the inefficient actin remodeling and/or the presence of some compensatory mechanism to sustain a defective definitive erythropoiesis. In this regard, Figure 4A shows that primitive circulating cells from mut1 and mut2 present morphological abnormalities, confirming that this cell population is affected by the lack of gelsolin.
Blood cells from these two mutant phenotypes are characterized by the presence of either binucleated or fragmented cells, respectively. Small differences in the time of pregnancy and/or in embryo development within the same litter could account for some intrinsic phenotypic variation. However, we speculate that the observed heterogeneity might reflect, at least in part, a underlying variable expressivity of the Gsn -/-defect null mutation. Embryos with a mild phenotype at E13.5 (as mut1) will probably survive to later stages due to some compensatory effect, whereas embryos with the most severe phenotype (as mut2) will die around E13.5. Analysis of embryonic circulating RBC at E17.5 ( Figures 2 and 3 ) revealed, together with the persistence of primitive cells expressing embryonic βH1 globin, the presence of abnormal cells, some of which were nucleated or hypochromic and/or misshaped. These latter abnormal cells suggest defective cellular maturation of definitive erythroid cells, possibly accompanied by intrinsic fragility of defective RBC, as suggested by the moderate anemia observed in Gsn -/-embryos. Impaired actin remodeling could likely result in either impaired terminal maturation/enucleation and/or increased fragility of RBC. 29 In late erythropoiesis actin filaments assemble the contractile ring that marks the border between the incipient reticulocyte and the condensed nucleus prior to its expulsion, and Rac GTPases and their downstream target mDia2, a formin required for nucleation of unbranched actin filaments, are required for nuclear extrusion of in vitro-cultured mouse fetal liver cells. Once mature enucleated RBC are released into the circulation, short actin filaments ensure, by securing the hexagonal spectrin scaffold, the mechanical property (flexibility and tensile strength) of the plasma membrane, together with a network of associated proteins. In both cases, the length of the actin filaments is tightly regulated by a variety of proteins promoting: (i) the polymerization of actin monomers, (ii) the maintenance of filament length by capping their ends thus preventing further association or dissociation and (iii) the disassembly of preexisting filaments, by severing them. Mutations in some of these proteins, such as adducins, 14 and E-Tmod, 16 in mice are associated with erythroid defects resembling human hereditary hemolytic anemias, as a consequence of increased RBC fragility.
Our results suggest that the absence of gelsolin influences both processes: data from the hanging drops cultures from E13.5 mouse fetal liver cells (Figure 6 ) confirm the inability of the mutant cells to undergo proper cytodieresis and enucleation, with a consistent accumulation of binucleated cells, a feature often observed in congenital dyserythropoietic anemia. 30 This defect is mimicked by the addition of Jasplakinolide to wt cells, which has the effect of stabilizing actin filaments, or of Cytochalasin D, which blocks polymerization and elongation (Figure 6 ), suggesting that the failure of proper actin turnover might be the direct cause of the observed phenotype in gelsolin null mutants.
On the other hand, the few Gsn -/-animals reaching Defective erythropoiesis in gelsolin mutant mice haematologica | 2012; 97(7) 987 © F e r r a t a S t o r t i F o u n d a t i o n adulthood had almost normal hematologic parameters although their RBC had an altered morphology and slightly increased fragility. On this point, it is worth considering that the analysis on adult mice inevitably refers only to the small fraction of animals that escape intrauterine death and might not, therefore, fully reproduce the effect of the lack of gelsolin in adult cells. Finally, when challenged with PHZ, Gsn -/-mice failed to recover from induced acute anemia, although they did respond to stress erythropoiesis with massive production of red cells by the spleen (Figure 5) .
Together, these data suggest that the impairment of erythroid differentiation/maturation might be a significant determinant of the embryonic lethality observed in BALB/c Gsn -/-mice. Definitive erythroblasts proliferate, differentiate and finally enucleate within the erythroblastic islands, consisting in highly specialized niches composed of erythroblasts surrounding a central macrophage. 5 A still largely unknown network of cell-cell adhesions, together with the secretion of regulatory cytokines, modulate the crosstalk between these two types of cell. Since gelsolin is also expressed in macrophages, it will be of great interest to investigate whether, in analogy with other actin cytoskeleton regulatory proteins, 31, 32 it is also required for the establishment of the erythropoietic microenvironment in erythroblastic islands. 
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